The adsorption of human serum albumin onto hydroxyapatite-modified silver electrodes has been in situ investigated by utilizing the piezoelectric quartz crystal impedance technique. The changes of equivalent circuit parameters were used to interpret the adsorption process. A kinetic model of two consecutive steps was derived to describe the process and compared with a first-order kinetic model by using residual analysis. The experimental data of frequency shift fitted to the model and kinetics parameters, k1, k2, ψ1, ψ2 and qr, were obtained. All fitted results were in reasonable agreement with the corresponding experimental results. Two adsorption constants (7.19 kJ mol -1 and 22.89 kJ mol -1 ) were calculated according to the Arrhenius formula.
Introduction
The bones and teeth of human and animals are the product of biomineralization. Study of these biomineralized products has attracted great interest of scientists. 1, 2 The process of biomineralization, by which an organic template (proteins and/or polysaccharides) supports the nucleation and growth of crystals, is very complicated. Nowadays it is the focus of chemistry, biology and mineral science study.
Hydroxyapatite [Ca10(PO4)6(OH)2; HAP] is an important inorganic crystallite constituent in human calcified hard issues (bones and teeth). In future, it may be an alternative bone substitute.
Many research results on the adsorption of proteins at a solidliquid interface have been reported. 3, 4 However, kinetics parameters estimation for the adsorption process of proteins onto HAP has seldom been reported, though it is of great significance for the research in the field of biomineralization.
The characteristics of HAP and the interaction between HAP and proteins have been widely studied by many different technologies: for instance, X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (TOF-SIMS), 5, 6 Fourier transform infrared spectroscopy (FTIR), 7, 8 transmission electron microscopy (TEM), 9 and Zeta potentiometry. 10 However, most of these methods still have some shortcomings, such as, the requirement of expensive instruments, time-consuming measurements and difficulty in providing multidimensional information in situ. A kind of piezoelectric quartz crystal (PQC) technique, piezoelectric quartz crystal impedance (PQCI) analysis, is an excellent method for real-time monitoring of crystal resonance performance and for providing multidimensional information reflecting physical and/or chemical properties of the studied system. [11] [12] [13] The PQC method was applied to study proteins in several fields, such as BSA adsorption, 11, 14 protein denaturation 15 and fibrinogen adsorption. 16 But, to the best of our knowledge, it has not been applied to study adsorption of HSA on HAP modified electrode.
In this research, the adsorption process of HSA onto HAPmodified silver electrode surface was in situ monitored by PQCI analysis method.
The adsorption processes at different temperatures were investigated and compared through analyzing the time courses of equivalent circuit parameters during the process. A kinetic model of the adsorption process was theoretically derived and the corresponding experimental data were fitted to it to estimate parameters of the process.
Experimental

Apparatus
In our work, a 9 MHz AT-cut PQC disk (12.5 mm in diameter) with silver electrodes (6 mm in diameter) on both sides was used, with only one side in contact with the test solution. The data of the PQC resonance were obtained with a HP 4192A LF impedance analyzer (frequency range: 5 Hz -13 MHz, USA), which was connected to an IBM-compatible personal computer. A user program was written in Visual Basic 5.0 to control the HP 4192A and the values of the equivalent circuit parameters of the sensor were calculated internally by the HP 4192A from the measured data. The experimental setup is shown in Fig. 1 .
Reagents
HSA (purity 99%) was purchased from Shanghai Biological Product Research Station. Hydroxyapatite [Ca10(PO4)6(OH)2; HAP] was purchased from Huamei Biological Engineering Co., LTD. Acetate buffer solution (pH = 5.7) was employed. HSA was dissolved in 0.9% NaCl solution. Other chemicals used were all of analytical grade. Sterilized doubly distilled water was used throughout.
Surface treatment
Any effect of surface roughness on the response should be avoided, thus, the silver electrode surface of the PQC was mechanically polished to a mirror finish using 50-nm alumina. After being rinsed with doubly distilled water, the PQC was dipped into 1.0 mol l -1 NaOH solution for 30 min and rinsed again with distilled water. Then it was immersed in 1.0 mol l -1 HCl solution for 30 min, followed by rinsing with water, alcohol and water and blowing dry with N2 gas. With this cleaning, a clean PQC surface was formed, which was used in the following further modification.
Polymethyl methacrylate (PMMA) 17, 18 and HAP (0.5 mg each) were mixed and dissolved in 1.0 ml CHCl3. Then 10 µl mixed solution was placed on the center of treated silver electrode, and the solution was spread over the surface using a spincoater (3000 rpm). Then the crystal was air-dried and a uniform HAP and PMMA coating was obtained.
Before and after modification, the resonant frequency in gas, fs, of the PQC in gas were measured by an oscillator method. After HAP modification, the change in fs, ∆fs, was controlled to be -3 --4 KHz. It could be seen that HAP was well immobilized on the silver electrode.
Adsorption monitoring
At first, 4.00 ml acetate buffer solution (pH = 5.7) was added into the testing cell as background solution. Then the PQC with HAP-modified electrode was immersed into the solution. Before adding the sample, 30 min was needed to stabilize the whole setup. The piezoelectric parameters of the PQC, such as resonant frequency f0, motional resistance Rm and static capacitance C0, were recorded. Then 50 µl HSA solution (10 mg ml -1 ) was added into the cell. HSA molecules began to be absorbed on the electrode surface of the modified PQC, and the piezoelectric parameters began to change with time. About 60 min later, the adsorption ended. The change of each parameter, such as ∆f0, ∆Rm and ∆C0, was calculated by using the corresponding value before HSA introduction as a reference.
The experiments were performed under mild stirring with a magnetic stirrer bar and in triplicate, the results of which showed good reproducibility.
PQC Theory
Piezoelectric quartz crystals (PQC), as sensitive chemical sensors, can be described by the Sauerbrey equation. 19 It displays a linear relation between the mass change (∆m) and the frequency shift (∆f0,m) for the rigid and thin film loading:
Here f0,g is the fundamental resonant frequency of quartz in atmosphere or vacuum, then ρq and µq are the density and shear modulus of quartz, respectively, and A is the electrically geometric surface area. At a certain condition, f0,g, ρq, µq and A can be considered to be constant. Thus, ∆f0 is proportional to ∆m.
In fact, the responses of PQC sensors are also related to the changes of the chemical and physical properties of the solution (such as density and viscosity). 20 Kanazawa and Gordon 21 indicated the effect of the viscosity (ηL) and density (ρL) of liquid on frequency shift, ∆f0,l:
Muramatsu 22 has derived the relationship between resistances Rl and ηL and ρL of the liquid:
Here, κ is an electromechanical coupling factor. The effect of the changes in ηL and ρL of the liquid on the frequency shift, ∆f0,l, can be evaluated from ∆Rl: 11
Here Lq is the motional inductance of the quartz crystal in air, c¯66 is the lossy piezoelectrically stiffened quartz elastic constant. For the 9-MHz AT-cut crystal commonly used, a change due to liquid density and viscosity in ∆Rl of 1 Ω is only able to cause ∆f0,l of approximately 10.1 Hz. According to the reported investigation of protein adsorption kinetic with thickness shear mode (TSM) impedance, 11, 23 the value of ∆Rm (Rm = Rq + Rl + Rf, ∆Rl < ∆Rm) during the process is generally very small (within approx. 1 Ω). Motional resistance Rm corresponds to the loss in mechanical energy mainly dissipated to the surrounding medium and quartz interior. Rq refers to the motional resistance of an unperturbed crystal, Rl is that due to liquid loading and Rf refers to viscous losses occurring in the film. It is determined 4πLq∆f0,1(fµq) (6) by three distinct film parameters, namely, film elastic shear modulus, shear loss modulus and film thickness. 24 Therefore, the effect of any changes in ηL and ρL of the liquid on ∆f0 is minimal during protein adsorption.
In addition, static capacitance (C0) originates from the two parallel plate metal electrodes in the quartz surfaces, determined by the dielectric property of the quartz. In electrolyte solution, C0 is also directly affected by the capacity and structure of the electrical double layer at the charged interface.
Here, K0 is the permittivity of space, tQ is the thickness of the quartz crystal and ε is the dielectric constant of the quartz.
Derivations of adsorption process model
According to the real-time monitoring of PQC and proportionality between ∆f0 and ∆m, 19 the kinetic process of the adsorption of human serum albumin onto hydroxyapatitemodified silver electrodes should be able to be described with a new kinetic model.
The kinetics of adsorption onto a solid surface can be described in a simple way if one considers the adsorption process as two consecutive steps occurring at the interface: 26, 27 A B C
The first reaction means the combination of HSA and HAP on the interface between solid and liquid. The second reaction could be associated either with the rearrangement of the HSA molecules in the first layer to form a well-regulated structure and/or with the further adsorption of proteins upon the first layer (or multi-layer adsorption). The adsorption rate is assumed to be proportional to the free surface area. The net rates of the first reaction and the second one can be defined as the following:
= k2θ1 (8) where θ1 and θ2 are the coverage (percentage of a covered area) of B, HSA adsorbed in their initial state, and C, those rearraged or multi-layer adsorbed, at time t, respectively. k1 and k2 are the rate constants of the first step and the second one. The solutions of the above differential equations are:
θ2 = 1 -e -k1t + e -k2t (10) Equations (9) and (10) can be used to describe the changes of θ1 and θ2 with time. θ1 and θ2 are proportional to the amount of adsorbed proteins.
Therefore, according to the proportional relationship between ∆f0 and ∆m in the Sauerbrey equation, 19 we assume:
According to Eqs. (9) - (11), the following equation can be
When t → ∞, ∆f → ψ2. Thus, ψ2 = ∆f0,max.
This equation is the model developed here to describe the kinetics of the adsorption process on a solid-liquid surface.
In some condition where the adsorption only involves the first reaction, the following kinetic equation can be obtained:
When t → ∞, ∆f0 → ψ1. Thus, ψ1 = ∆f0,max in this case. According to Eq. (12), the kinetic parameters, k1 and k2 can be obtained through fitting the measured ∆f0-time response curve. The quality of the fitting can be evaluated by the relative sum of the residual square, qr, which was defined in our previous report. 28 From the above adsorption model, the experimental data were fitted to Eq. (12). In Table 1 , the small values of qr indicate that the fitting results in reasonable agreement with the corresponding experimental results. From Fig. 2 we can find that the experimental curve and the fitted curve can coincide with each other very well. We can conclude that the adsorption kinetics model is reasonable.
Results and Discussion
The typical response curve of HSA adsorption on HAP-modified electrode Figure 3 shows the changes of the equivalent circuit parameters (∆f0, ∆Rm, and ∆C0) with time during the whole adsorption process.
Before the sample is added into the test cell, the curve of ∆f0-time is flat and a frequency plateau was obtained. When HSA was added, the frequency f0 increased quickly. Later f0 increased gradually. After about 60 min, f0 finally achieved another frequency plateau. The results indicated that the specific film of HAP and PMMA has good adsorption ability to absorb HSA. This result was in good agreement with the previous report. 17, 18 According to the previous report, the facture toughness, 29 the flexural modulus, 30 the tensile and compressive strengths 31 of this combined material have been observed to increase.
The ∆Rm-time curve appears reasonable. The range of ∆Rm is -0.4 -0.3 Ω. The ∆Rm of 0.7 Ω indicated that the change in viscosity and density of liquid was small, which would have little effect on ∆f0. The value of ∆f0 vs. ∆Rm is estimated to be 270 Hz Ω -1 , which is distinctively greater than the theoretical value of 10.1 Hz Ω -1 calculated from Eq. (4). Generally, ∆Rl < ∆Rm, so ∆f0,l will be only several Hz. Therefore, ∆f0 should still be a fair approximation for the measurement of the adsorbed amount of HSA and the decrease in the frequency mainly depends on the increase in mass loading by the adsorption.
From the ∆C0-time curve, the initial abrupt increase in ∆C0 (0.22 pF) indicated that HSA with charged group adsorption on the HAP-modified electrode caused an increase in the charge density at the inner Helmholtz plane and thus a rise in the double-layer capacitance. Then the rearrangement of HSA on the interface caused the change of the capacitance to be small.
The results in Fig. 3 show that the adsorption process occurs in two distinct steps.
The examination of the model
Residual was defined as follows: 32
Here σI denote residual. yi and ŷi are the actual value and fitted value of the dependent variable respectively. According to the least square principia, the plots of residual vs. time were made. The result is shown in Fig. 4 . The residual from fitting experimental data to Eq. (12) is very small (curve 1). On the contrary, the residual from fitting data to Eq. (13) is relatively large (curve 2). It can be concluded that the model of Eq. (13) Fig. 5 that the frequency shift increases when the experimental temperature increases. Namely, the adsorption amount increases with increase of temperature.
According to the results of Fig. 5 , the experimental data were fitted to Eq. (12) and the values of k1, k2, ψ1, ψ2 and qr were obtained and are shown in Table 1 . For all the cases, k1 > k2, indicating that the second step was the rate controlling one. All fitted results were in good agreement with the corresponding experimental results. In conclusion, it is reasonable to describe the whole adsorption process with the above derived adsorption model.
The determination of adsorption constants
According to the Arrhenius formula:
The plots of ln k1 vs. , 33 it can be thought of as a quick reaction. The activated energy of binding process between HSA and HAP is very small, so the process is very fast and is not greatly affected by temperature.
Conclusions
The adsorption process of HSA on HAP modified Ag electrode has been in situ monitored by PQCI technology. The changes of the equivalent circuit parameters demonstrate the adsorption process on the interface. According to the derived kinetic model, the adsorption kinetics parameters and the activated energy were obtained. The results indicated that this technique could be effectively applied to the process analysis of the biochemical reactions at the interface of solid-liquid. The work of this paper will be helpful to investigations on the interaction between HAP and proteins in cases of using HAP as an artificial biomaterial. ANALYTICAL SCIENCES APRIL 2004, VOL. 20 
